Introduction {#sec1}
============

The p53 tumor suppressor protein plays an important role in preventing malignant development ([@bib46]), functioning primarily as a transcription factor to regulate the expression of a large number of genes that induce cellular responses such as cell-cycle arrest and apoptosis ([@bib5]). While effective in preventing cancer development, these activities of p53 must also be tightly controlled to allow normal growth and development. Numerous mechanisms through which p53 is regulated have been described, including the control of translation, protein stability, subcellular localization, and interaction with other components of the transcriptional machinery ([@bib22]). In many cancers, the function of p53 is ablated through point mutations that lead to the expression of a mutant p53 protein ([@bib23]). These tumor-associated point mutations occur predominantly in the central DNA binding domain of p53 and result in a diminished ability of p53 to bind consensus sites in the promoters of p53-regulated genes. While some of these mutations result in amino-acid substitutions of residues within p53 that directly contact the DNA (contact mutants), other mutations result in the misfolding of the p53 protein. The p53 DNA binding domain shows a low thermodynamic stability in vitro, and mutations in this region can lead to further instability, causing the protein to become denatured at 37°C ([@bib23]) and a potential to form p53 protein aggregates within the cell ([@bib50]). The net effect of these tumor-associated point mutants is both the loss of wild-type p53 activity and a gain of function that contributes to the invasive behavior of cancers ([@bib39]). The mechanisms underlying this gain of function are still under investigation but at least partially reflect the ability of the mutant p53 proteins to modulate the activity of other transcription factors such as p63, p73, and SREBP ([@bib14]).

Molecular chaperones are a group of proteins that assist in protein folding ([@bib20]). They not only prevent misfolding and aggregation of proteins but can also target misfolded proteins for degradation. Probably the best-understood chaperones are the heat shock proteins Hsp70 and Hsp90, which play a role in conformational maturation and help to target improperly folded proteins for ubiquitination and proteolysis, and the ring complex chaperonins, which enclose proteins within their structure for folding of newly synthesized peptides ([@bib31]). Chaperonins are double-ring oligomers, each ring enclosing a cavity where protein folding takes place through an energy-consuming process ([@bib12]; [@bib45]). In eukaryotes, the cytosolic group II chaperonin CCT (also known as TRiC) consists of a double ring, each one containing eight subunits (CCTα−θ in mammals and CCT1−8 in yeast). Like other chaperonins, CCT has two main conformations that are controlled by ATP hydrolysis. The open conformation recognizes unfolded peptides, and ATP binding and hydrolysis induce the closed conformation, which results in the folding of the protein ([@bib12]; [@bib52]). Although the mechanism of substrate-CCT recognition and binding remains under investigation, each of the subunits can recognize different polar and hydrophobic motifs within substrate proteins ([@bib51]). Potentially up to 15% of all newly synthesized polypeptides can associate with the CCT complex, although only a few proteins have so far been shown to depend on this chaperonin for folding and function ([@bib44]; [@bib45]). CCT plays an important role in the folding of newly synthesized proteins ([@bib16]; [@bib51]) but can also prevent the aggregation of proteins with polyglutamine regions ([@bib25]; [@bib43]) and so potentially contributes to the suppression of misfolding diseases such as Huntington, Parkinson, and Alzheimer. These activities are executed in conjunction with other chaperones or cochaperones ([@bib42]).

Both wild-type and mutant p53 have been shown to be regulated by binding to Hsp70 and Hsp90 ([@bib6]; [@bib47]). However, a role for the chaperonins in the control of p53 has not been investigated. We show here that p53 is a client of the CCT complex and that failure to interact with this molecular chaperone can promote oncogenic functions of p53 in the absence of classic tumor-derived DNA binding domain mutations.

Results {#sec2}
=======

p53 Binds to CCT {#sec2.1}
----------------

We carried out a proteomic analysis to identify proteins that interact with wild-type p53 and a tumor-derived point mutant, 175H. Peptides from three known p53-interacting proteins---p53 itself, PARC, and Cullin-7 ([@bib3]; [@bib41]) ---were most frequently identified in immunoprecipitation with wild-type p53 ([Figure 1](#fig1){ref-type="fig"}A), validating this approach. Interestingly, peptides from seven of the eight CCT subunits were also found in complex with p53 ([Figure 1](#fig1){ref-type="fig"}A), consistent with our recent study identifying CCT subunits as part of a p53 interactome ([@bib10]). To further study the consequences of the interaction of p53 with CCT subunits in cells, we utilized several cell lines that each expressed broadly equal endogenous levels of various CCT subunits ([Figure S1](#app2){ref-type="sec"}A available online). Coprecipitation of endogenous wild-type p53 with endogenous CCTα and CCTε from HCT116 cells ([Figure 1](#fig1){ref-type="fig"}B) or U2OS cells (where p53 was stabilized by treatment of cells with the Mdm2 inhibitor Nutlin 3; [Figure 1](#fig1){ref-type="fig"}C) demonstrated the ability of these proteins to interact in cells. To compare the binding of wild-type and mutant p53 directly in the same cells, we turned to H1299, a p53 null tumor cell line transiently transfected with p53-expression constructs ([Figure 1](#fig1){ref-type="fig"}D). These results indicated that wild-type p53, 175H, and 273H all efficiently interacted with endogenous CCT. Similarly, wild-type p53 and 248W were coprecipitated with CCTα in HCT116 cells ([Figure S1](#app2){ref-type="sec"}B). The specificity of the binding was confirmed by showing that the coprecipitation of p53 was dependent on CCT expression ([Figure 1](#fig1){ref-type="fig"}E).

CCT is a large, multisubunit structure (∼960 kDa), and we used gel filtration to determine whether p53 could associate with the whole CCT complex ([Figure 2](#fig2){ref-type="fig"}A). Endogenous wild-type p53 largely comigrated with CCTα and CCTε in high-molecular-weight complexes, consistent with an interaction with the whole CCT complex ([Figure 2](#fig2){ref-type="fig"}A). Immunoprecipitation of pooled fractions confirmed that the majority of the CCTε was present in fractions 8--13 and coprecipitated with p53 ([Figure 2](#fig2){ref-type="fig"}A). Similar results were observed in lysates from H1299 cells transiently transfected with wild-type p53 ([Figure S2](#app2){ref-type="sec"}). Depletion of CCTα and CCTε resulted in the release of some p53 from the larger complexes, supporting the interaction of p53 with CCT ([Figure 2](#fig2){ref-type="fig"}B), although the retention of some p53 in larger complexes following CCT depletion likely reflects p53's interaction with other proteins ([@bib11]). Quantification of p53 levels in each fraction indicated that approximately 12% of the total p53 was released from the larger complexes, suggesting this proportion of p53 is bound to CCT under these conditions. Cooperation between various chaperone complexes in protein folding has been described, and p53 is known to associate with several other chaperones, including Hsp70 ([@bib6]; [@bib47]). Hsp70 contributes to the interaction between VHL and CCT ([@bib34]), and we also found that Hsp70 slightly increased the binding of p53 to CCTε ([Figure 2](#fig2){ref-type="fig"}C).

Visualization of p53/CCT Complex {#sec2.2}
--------------------------------

To test directly whether p53 interacts with the CCT complex, we mixed bacterially expressed wild-type p53 with purified bovine CCT. Following separation by native electrophoresis, the high-molecular-weight band corresponding to CCT was excised and subjected to SDS electrophoresis, which revealed the presence of CCT subunits and p53 ([Figure 3](#fig3){ref-type="fig"}A), confirming the presence of a stable CCT:p53 complex. The complex was then subjected to electron microscopy of negatively stained specimens. First, over 1,000 end-on views of the isolated apo-CCT particles were processed, and the average image revealed the typical presence of the doughnut-shaped structure with an empty cavity surrounded by eight similar masses ([Figure 3](#fig3){ref-type="fig"}B). The averaging of almost 2,000 CCT:p53 particles revealed a similar structure except for the presence of mass inside the cavity that interacted mainly with one CCT subunit ([Figure 3](#fig3){ref-type="fig"}C; [Figures S3](#app2){ref-type="sec"}A--S3D). Previous studies have shown that the ATP-dependent conformational change leading to closure of the CCT complex also results in its protection against proteinase K digestion ([@bib35]). We were also able to confirm a dose-dependent degradation of the CCT complex following incubation with proteinase K, which was prevented by the addition of ATP ([Figure 3](#fig3){ref-type="fig"}D). Importantly, this protection from degradation also applied to the p53 protein bound to CCT, as the closed conformation of the chaperonin was able to protect the trapped p53 from protease attack ([Figure 3](#fig3){ref-type="fig"}E). Taken together, these data demonstrate that p53 interacts with the CCT complex and can be trapped in the interior of the chaperonin cavity in an ATP-hydrolysis-dependent manner.

The N Terminus of p53 Binds CCT Subunits {#sec2.3}
----------------------------------------

To determine which regions of p53 were important for the CCT interaction, we examined the binding of various p53 mutants to endogenous CCT. Deletions or point mutations within the DNA binding domain or the C terminus of p53 did not affect binding to CCTε ([Figures 4](#fig4){ref-type="fig"}A and 4B). Interestingly, several of the C-terminal truncations also removed the oligomerization domain and the nuclear import signals from p53, suggesting that neither of these is required for CCT binding in cells. As shown previously, CCTε localized predominantly to the cytoplasm, although some nuclear staining was also detected ([Figures S4](#app2){ref-type="sec"}A--S4C) ([@bib24]; [@bib49]). Both endogenous and transfected wild-type p53 were found predominantly (although not exclusively) in the nuclear fractions ([Figures S4](#app2){ref-type="sec"}B and S4C). However, despite detecting both p53 and CCT proteins in the nucleus, coimmunoprecipitation showed that the endogenous p53/CCT interaction occurs in the cytosol ([Figure S4](#app2){ref-type="sec"}B).

While alterations within the DNA binding and C-terminal domains of p53 did not affect the CCT interaction, deletion of the N-terminal 43 amino acids of p53 resulted in the loss of interaction with CCTε ([Figure 4](#fig4){ref-type="fig"}B). The N terminus of p53 is responsible for many protein interactions, including binding to Mdm2 and the components of the transcriptional machinery (residues 17--29; [@bib26]). While mutation in the Mdm2 binding and transactivation domains (deleted in Δ13--18 and Δ19--28, mutated in 22/23) slightly reduced but did not abolish CCTε binding, deletion within the N-terminal 13 amino acids of p53 (Δ2--13 and Δ4--13) resulted in substantial loss of interaction with CCTε ([Figure 4](#fig4){ref-type="fig"}C). Deletion of these residues also resulted in the loss of binding of p53 to CCTα ([Figure S4](#app2){ref-type="sec"}D). The failure of these mutants to interact with CCT proteins was not a result of lack of cytoplasmic localization, since Δ2--13 was clearly detected in both nuclear and cytoplasmic fractions ([Figure S4](#app2){ref-type="sec"}C). Importantly, this interaction was also seen in a reciprocal immunoprecipitation, where wild-type but not Δ4--13 p53 pulled down endogenous CCTε ([Figure 4](#fig4){ref-type="fig"}D). The loss of CCT binding to Δ2--13 and Δ4--13 p53 was also confirmed using in vitro translation in reticulocyte lysates, which contain endogenous CCT ([Figure 4](#fig4){ref-type="fig"}E). The N-terminal region of p53 shows moderate conservation between different species and contains polar and hydrophobic amino acids ([Figure 4](#fig4){ref-type="fig"}F), which may mediate the interaction with CCT ([@bib18]). To assess the contribution of hydrophobic bonds to the p53-CCT interaction, we examined the effect of chaotropic salts containing cations that can weaken hydrophobic bonds ([@bib13]; [@bib21]) ([Figure S4](#app2){ref-type="sec"}E). The disruption of the p53-CCTε interaction following incubation with LiCl and MgSO~4~ suggests a possible contribution of hydrophobic interactions. Taken together, these results show that the first 13 amino acids of p53 are necessary for the p53-CCTε interaction.

To further assess whether CCT impacts Mdm2 binding by p53, we examined the effect of CCT depletion on the endogenous p53/Mdm2 interaction ([Figure S4](#app2){ref-type="sec"}F). Importantly, the binding of Mdm2 to p53 was not affected by depletion of CCTα and CCTε, an effect that is most clearly seen following stabilization of the p53 protein using the proteasome inhibitor MG132 ([Figure S4](#app2){ref-type="sec"}F). Furthermore, the CCT nonbinding N-terminal deletion of p53 (Δ4--13) retained the ability to bind Mdm2, an activity that was lost in the more extensive N-terminal truncation Δ39 ([Figure S4](#app2){ref-type="sec"}G).

We also examined the impact of loss of CCT binding on the interaction between p53 and Hsp70 ([Figure 4](#fig4){ref-type="fig"}G). Again, deletion of the extreme N terminus of p53 (Δ4--13) that abolished the CCT interaction did not prevent binding to Hsp70, although a more extensive deletion (Δ39) reduced Hsp70 binding. Taken together, these results show that CCT binding is not required for p53 to bind Mdm2 or Hsp70.

CCT Depletion Results in a Conformational Change in p53 {#sec2.4}
-------------------------------------------------------

The interaction of p53 with the CCT complex suggests that this chaperonin may play a role in promoting the correct folding, and thus activity, of p53. The conformation of p53 can be assessed using two antibodies: Ab1620, which recognizes a domain only present in the correctly folded protein and therefore indicates functional wild-type p53 ([@bib37]), and Ab240, which recognizes a cryptic epitope (amino acids 211--220) only exposed in the unfolded or denatured conformation ([@bib17]). The relative amounts of p53 recognized by Ab1620 and Ab240 provide an indication of the extent of p53 folding. To determine whether CCT contributes to p53 folding, we used small interfering RNA (siRNA) to deplete U2OS or MCF7 cells (that express endogenous wild-type p53) of CCTα and CCTε ([Figure 5](#fig5){ref-type="fig"}A). Immunoprecipitation of p53 with the conformation-specific antibodies showed a clear decrease in Ab1620-reactive p53 and an accumulation of Ab240-reactive p53 in cells depleted of CCT complex components ([Figure 5](#fig5){ref-type="fig"}A). A similar response was seen in A2780 cells ([Figure S5](#app2){ref-type="sec"}A) and in cells where p53 protein was induced in response to doxycycline treatment ([Figure 5](#fig5){ref-type="fig"}B). In these cells, both wild-type p53 and the 273H mutant, which retains predominantly wild-type conformation, became misfolded (and Ab240 reactive) following CCT depletion ([Figure 5](#fig5){ref-type="fig"}B). During the course of these studies, we noted that depletion of both CCT subunits α and ε frequently led to an increase in p53 protein levels in cells expressing endogenous wild-type p53 cells ([Figure 5](#fig5){ref-type="fig"}A; [Figure S5](#app2){ref-type="sec"}B), although this was not evident in cells expressing transfected mutant p53 ([Figure 1](#fig1){ref-type="fig"}E). The increase in p53 protein levels following CCT knockdown was accompanied by a slight increase in p53 half-life in both HCT116 and U2OS cells ([Figure S5](#app2){ref-type="sec"}B), and depletion of CCT in otherwise unstressed cells resulted in a reduction in extent of ubiquitination of endogenous p53 ([Figure S5](#app2){ref-type="sec"}C). Previous studies have shown that CCT depletion can result in cell-cycle arrest ([@bib19]; [@bib28]), indicating that the incorrect folding of CCT client proteins is likely to promote a stress response that could indirectly signal to activate p53.

Loss of CCT Binding Leads to Conformational Instability of p53 {#sec2.5}
--------------------------------------------------------------

Following transient expression of p53, both wild-type and transactivation domain mutant 22/23 retained predominantly wild-type (Ab1620) conformation, while depletion of CCT resulted in an increase in misfolded p53 detected by Ab240 ([Figure 5](#fig5){ref-type="fig"}C). By contrast, p53Δ43, lacking the CCT binding and transactivation domain, adopted a more unfolded conformation that was not further affected by CCT depletion ([Figure 5](#fig5){ref-type="fig"}C). To more closely define the effect of CCT binding, we examined the smaller N-terminal deletions of p53. Using standard extraction procedure (lysing cells and immunoprecipitating at 4°C), we found variable results with the CCT nonbinding p53 mutants (Δ2--13 and Δ4--13), which showed a slightly higher ratio of Ab240 reactivity in some assays but mainly Ab1620 reactivity similar to wild-type p53 in others (for example, compare control lanes in [Figures 5](#fig5){ref-type="fig"}D and 5E). Previous studies have shown that p53 has a low thermodynamic stability in vitro, which is further reduced by mutations within the DNA binding domain ([@bib7]; [@bib32]). We therefore considered whether the p53 mutants that are unable to bind to CCT might show a greater sensitivity to temperature-induced denaturation. To test this, we examined the conformation of p53 in cell extracts following incubation at 37°C ([Figure 5](#fig5){ref-type="fig"}D). As previously described ([@bib8]), the 175H mutant was highly unstable compared to the wild-type p53 protein, which became predominantly Ab240 reactive only after 8 min at 37°C. Interestingly, both p53Δ2--13 and p53Δ4--13 were clearly less stable than the wild-type protein in this assay ([Figure 5](#fig5){ref-type="fig"}D). To extend these studies, we incubated p53-transfected cells at 39°C for 2 or 5 hr immediately before lysis and carried out conformation-specific immunoprecipitation ([Figure 5](#fig5){ref-type="fig"}E). These studies again showed that p53Δ2--13 was less stable than wild-type p53, shifting significantly to the unfolded, Ab240-reactive conformation after only 2 hr heat shock, at which time point the wild-type protein remained predominantly Ab1620 reactive.

To look directly at the conformation of p53 in cells, we used an immunofluorescence assay in which we compared the signal from total p53 (as detected using a p53 polyclonal antibody) with the signal using Ab240 ([Figure 5](#fig5){ref-type="fig"}F). To validate the assay, we showed that heat shock induced the expected increase in Ab240 reactivity in cells expressing wild-type p53, consistent with the results shown in [Figure 5](#fig5){ref-type="fig"}E. Turning to p53 mutants, both wild-type and transactivation domain mutant 22/23 showed low Ab240 reactivity in cells incubated at 37°C, while the 175H mutant reacted strongly with this antibody ([Figure 5](#fig5){ref-type="fig"}G), as expected. In this assay, deletion within the N-terminal 13 amino acids (Δ2--13 and Δ2--13, 22/23) resulted in a significant acquisition of Ab240 reactivity. Taken together, these results show that deletion of the CCT binding domain in the N terminus of p53 results in a protein that is structurally less stable than wild-type and more sensitive to unfolding under temperature stress.

We also examined the contribution of Hsp70 to the conformation of p53. Wild-type p53 showed a shift to the misfolded Ab240 reactive conformation following treatment of cells with an Hsp70 inhibitor alone or in combination with heat shock ([Figure S5](#app2){ref-type="sec"}D). A similar shift in the conformation of wild-type p53 following treatment with the Hsp70 inhibitor was seen in cells using the immunofluorescence assay ([Figure S5](#app2){ref-type="sec"}E). These results indicate that both CCT complex and Hsp70 can promote the folding of p53 and that impeding either chaperone impacts the conformation of p53.

CCT Binding Regulates Transcriptional Activity of p53 {#sec2.6}
-----------------------------------------------------

p53 has two transactivation domains: AD1, which is located to residues 14--28, and AD2, which is located to residues 38--61 ([@bib9]; [@bib27]). The transcriptional activity of the N-terminal p53 mutants described here was therefore assessed using a p53-responsive promoter (PG13 luciferase; [Figure 6](#fig6){ref-type="fig"}A). As expected, deletion of residues within AD1 (p53Δ39 and Δ19--28) significantly impaired the transcriptional activity of p53, which was largely retained in a mutant deleted of residues outside this region (p53Δ28--40 and p53Δ41--49; [Figure 6](#fig6){ref-type="fig"}A). However, the CCT binding mutants p53Δ2--13 and p53Δ4--13 (which would not be predicted to impinge on AD1) showed reduced activity, consistent with the misfolding of these proteins. As seen in earlier assays, the levels of transfected p53 protein were not increased following CCT depletion ([Figure 6](#fig6){ref-type="fig"}B), indicating that ectopic overexpressed protein is less sensitive to the endogenous p53 degradation machinery. However, the activity of wild-type p53 and transcriptionally active mutants that retained the N-terminal CCT binding domain (p53Δ28--40, p53Δ41--49) was reduced following knockdown of CCTα and CCTε subunits ([Figure 6](#fig6){ref-type="fig"}B), consistent with a loss of wild-type conformation. By contrast, the lower level of transcriptional activity retained by p53Δ2--13 and p53Δ4--13 was not further compromised by inhibition of CCT complex ([Figure 6](#fig6){ref-type="fig"}B), supporting our observation that these mutants no longer interact with, and are therefore not subject to, regulation by CCT.

The modulation of p53's transcriptional activity by CCT was also apparent when examining the activation of endogenous p53-dependent target genes. p53-induced expression of both *Puma* and *p21* was clearly impeded by the depletion of CCT, both at the protein and messenger RNA (mRNA) level ([Figures 6](#fig6){ref-type="fig"}C and 6D; [Figures S6](#app2){ref-type="sec"}A and S6B). Interestingly, however, *Mdm2* expression was not affected by CCT depletion, suggesting that the ability of p53 to induce the expression of *Mdm2* is less dependent on p53 conformation. Expression of p53Δ4--13 also showed a decreased ability to activate expression of *p21* and *Puma* ([Figure 6](#fig6){ref-type="fig"}D). As seen with the p53 reporter assays, depletion of CCT reduced the transcriptional activity of wild-type p53 but did not impact the lower activity of the Δ4--13 mutant ([Figure 6](#fig6){ref-type="fig"}D).

Interestingly, depletion of the CCT complex did not result in a profound decrease of endogenous p53 activity, either under basal conditions or following activation of p53 by treatment of the cells with Nutlin 3 or low levels of actinomycin D ([Figures S6](#app2){ref-type="sec"}C and S6D). Although depletion of CCT resulted in an increase in endogenous p53 stability ([Figure S5](#app2){ref-type="sec"}), no corresponding increase in transcriptional activity was detected either. Taken together, these results suggested that the response of endogenous p53 to CCT knockdown is complex and that the outcome is a balance between increased protein levels (due to reduced degradation of p53 as part of a general stress response) and decreased conformational integrity (due to defects in the protein folding process).

CCT Binding Regulates the Invasive Activity of p53 {#sec2.7}
--------------------------------------------------

Tumor-derived p53 point mutations such as 175H and 273H acquire an ability to promote Matrigel invasion, invasion into organotypic assays, and random migration ([@bib2]; [@bib38]; [@bib40]). Expression of wild-type p53 in these cells inhibits proliferation and enhances cell death and cannot be used as a control for invasion. We therefore used the transcriptionally defective p53 22/23 mutant (which shows impaired growth inhibitory activity), which did not result in enhanced invasion above that seen with the empty vector control ([Figure 7](#fig7){ref-type="fig"}A). Interestingly transient expression of non-CCT binding mutants p53Δ2--13 22/23, p53Δ4--13 22/23, or p53Δ39 promoted invasion, albeit to a lesser extent than the tumor-derived 175H or 273H mutant ([Figure 7](#fig7){ref-type="fig"}A; [Figure S7](#app2){ref-type="sec"}A). Notably, loss of the N terminus in 175H- or 273H-expressing cells did not impact invasive capacity ([@bib38]). Further investigation of the ability of the non-CCT binding mutants of p53 to promote activities associated with tumor-derived mutants, such as random motility or invasion into organotypic assays, required cell lines that stably express these p53 proteins. Despite attempts to generate H1299 cell lines stably expressing p53 22/23, p53Δ2--13 22/23, p53Δ4--13 22/23, and p53Δ39, only p53Δ39-containing cells retained expression over time, although this was lower than 273H ([Figure 7](#fig7){ref-type="fig"}B; [Figure S7](#app2){ref-type="sec"}B). These results are likely to reflect the retention of some residual growth inhibitory activity in the p53 22/23 mutant. Compared to empty vector transfected H1299 cells (Ctrl), p53Δ39 cells induced random motility and invasion into Matrigel and organotypic assays to a similar or slightly lesser extent than 273H ([Figures 7](#fig7){ref-type="fig"}B--7D). Furthermore, despite the loss of expression of transiently transfected p53 22/23 and p53Δ4--13 22/23 during the course of the experiment, both p53Δ4--13 22/23 and 175H 22/23 cells showed some invasion into organotypic plugs ([Figure S7](#app2){ref-type="sec"}B).

Finally, we examined whether depletion of the CCT complex would have an effect on cell invasion using RPE cells (expressing wild-type p53) and variants stably expressing 273H or 175H, mutants that promoted the invasive ability of these cells ([Figure 7](#fig7){ref-type="fig"}E; [Figure S7](#app2){ref-type="sec"}C). Depletion of CCT complex by siRNA in either 175H- or 273H-expressing cells resulted in decreased invasion ([Figure 7](#fig7){ref-type="fig"}E; [Figure S7](#app2){ref-type="sec"}C) that is likely to reflect the misfolding of other CCT client proteins like actin and tubulin, as previously described ([@bib30]). In wild-type p53-expressing cells, we were unable to achieve a complete depletion of CCT complex proteins, indicating that only cells with partial knockdown continued proliferation, consistent with our observation that CCT complex depletion resulted in a stress response that activated p53 ([Figure 6](#fig6){ref-type="fig"}). Interestingly, cells that survived with a partial depletion of CCT showed a reproducible increase in invasion ([Figure 7](#fig7){ref-type="fig"}E), consistent with a role of CCT in maintaining wild-type conformation and function of p53. Depletion of wild-type p53 in these cells resulted in enhanced invasion ([Figure S7](#app2){ref-type="sec"}D), so it was not possible to demonstrate p53 dependence of the increased invasion in CCT-depleted wild-type p53-expressing cells. Importantly, however, depletion of both p53 and CCT decreased invasion ([Figure S7](#app2){ref-type="sec"}D), similar to the effect seen in mutant p53-expressing cells. These results show that despite a general inhibition of invasive behavior in response to CCT depletion, wild-type p53-expressing cells show enhanced invasion that correlates with the misfolding of the p53 protein.

Discussion {#sec3}
==========

Correct protein folding is essential for function, and this process is assisted by molecular chaperones. The chaperonin CCT assists in specialized folding of selected proteins that are not fully folded by the nonspecialized chaperones alone. In this study, we demonstrate that p53 is a substrate for CCT and provide evidence that this chaperonin regulates p53 folding and activity. Binding of p53 to Mdm2 and Hsp70 was not dependent on CCT interaction.

Many previous studies have shown that tumor-derived p53 point mutants result in the failure of p53 to adopt the wild-type conformation, leading to the concept that p53 can either be in the wild-type or mutant (i.e., misfolded) conformation. Misfolding of p53 due to cancer-associated DNA binding domain mutations, which enhances the thermoinstability of p53 ([@bib7]), results in the loss of wild-type DNA binding activity and the acquisition of transforming functions, including the ability to promote invasion. Our studies suggest that CCT plays a specific role in maintaining a pool of wild-type, functional p53 in the cell and that failure of p53 to bind to CCT results in the accumulation of misfolded p53, which then acquires activities characteristic of tumor-derived mutant p53s. While the most straightforward model for the role of CCT is to assist in the correct folding of newly synthesized p53 ([@bib31]), it is also possible that CCT binding to p53 prevents its aggregation, as has been shown for other proteins. CCT would function to allow the correct folding of p53 that occurs either spontaneously or through a cooperation with other chaperones, for example with Hsp70. In either case, the consequence of loss or modulation of the CCT-p53 interaction would be the accumulation of misfolded p53 with invasive capacity.

Based on these results, we suggest that the regulation of wild-type p53 folding may be part of the normal biology of p53. Regulation of the interaction of p53 with CCT could determine the generation of folded or unfolded p53, without the requirement for mutations in the DNA binding domain. Our study shows that the effect of loss of CCT binding on p53 conformation is subtle, supporting in vitro studies in which wild-type p53 can spontaneously fold into an active conformation. Nevertheless, the role of CCT in protein folding becomes more apparent under stress, as shown in the heat shock experiments described here. It seems possible that the role of CCT will also be evident under other physiological stress conditions, such as hypoxia, reactive oxygen species, and loss of cell adhesion.

Several recent studies have shown that CCT activity can be controlled by phosphorylation by RSK and S6K ([@bib1]) or deacetylation by Sirt1 ([@bib29]). In addition, phosphorylation of serine 6 and 9 in p53 has also been identified ([@bib33]), so further studies will determine whether the p53/CCT interaction can be actively modulated through changes in posttranslational modifications of either protein. Active control of CCT binding in this way could allow for the expression of wild-type p53 in either folded or unfolded conformations resulting in distinct activities. According to this model, DNA binding domain point mutations that are selected in cancers would force p53 to constitutively adopt the unfolded conformation. The activity of mutant p53 would therefore be the inappropriate manifestation of a normal state of wild-type p53 rather than the acquisition of a completely new activity. The accumulation of unfolded p53 may lead to the formation of aggregates, which would not be reversible ([@bib4]). However, in vitro studies have shown that there is an initial reversible step in the denaturation of p53 ([@bib48]), and in cells, temperature-sensitive p53 mutants can shift from mutant to wild-type forms ([@bib15]; [@bib36]; [@bib53]). Understanding when wild-type p53 adopts the denatured or misfolded conformation, how this is regulated, and the functional consequences of this conformational switching in vivo will be an interesting future challenge.

Experimental Procedures {#sec4}
=======================

Cell Culture and Constructs {#sec4.1}
---------------------------

H1299, HCT116, U2OS, MCF-7, and RPE cells were cultured as described in the [Supplemental Experimental Procedures](#app2){ref-type="sec"}. Generation of stable cells lines expressing mutant p53 175H and 273H was performed as described elsewhere ([@bib38]). All p53 mutant constructs have been described previously or created by site-directed mutagenesis as detailed in the [Supplemental Information](#app2){ref-type="sec"}.

Immunoprecipitation and In Vitro Binding Assays {#sec4.2}
-----------------------------------------------

Details of immunoprecipitation and in vitro binding assays are described in the [Supplemental Information](#app2){ref-type="sec"}.

Mass Spectrometry/Gel Filtration Chromatography {#sec4.3}
-----------------------------------------------

Mass spectrometry/gel filtration chromatography was performed as described in the [Supplemental Information](#app2){ref-type="sec"}.

Electron Microscopy {#sec4.4}
-------------------

Samples were applied onto carbon-coated copper grids previously glow-discharged and stained with 2% uranyl acetate. Micrographs were taken and individual particles and image classification were performed as described in the [Supplemental Information](#app2){ref-type="sec"}.

Luciferase Assays {#sec4.5}
-----------------

PG13 luciferase and Renilla luciferase constructs were transfected in combination with different p53 constructs and analyzed as described in the [Supplemental Information](#app2){ref-type="sec"}.

mRNA Extraction and Quantitative PCR {#sec4.6}
------------------------------------

Details of mRNA extraction and quantitative PCR are given in the [Supplemental Information](#app2){ref-type="sec"}.

Invasion and Migration Assays {#sec4.7}
-----------------------------

Matrigel assays were performed as described previously ([@bib38]). Invasion toward a gradient of 10% fetal calf serum and a mixture of growth factors was measure by confocal microscopy in serial sections of 10 μm each, and quantification of invading cells was performed by ImageJ software. Organotypic invasion assays and migration assays (wound scratch) are detailed in the [Supplemental Information](#app2){ref-type="sec"}.

Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures and Figures S1--S7
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![Wild-Type and Mutant p53 Interact with CCTα and CCTε Subunits\
(A) Protein complexes from H1299 cells transfected with empty vector (EV), FLAG-wild-type p53 (WT), or FLAG-175H (175H) constructs were immunoprecipitated with a FLAG antibody and analyzed by mass spectrometry. Frequency of peptide detection of each p53-interacting protein is shown.\
(B and C) Immunoprecipitation of endogenous CCTα (crosslinked) or CCTε subunits in p53 null and wild-type p53 (WT) HCT116 cells (B) and U2OS cells (C) treated with 5 μM Nutlin. Total expression and immunoprecipitated proteins were detected by western blot with antibodies specific to p53, CCTα, and CCTε, as indicated.\
(D) Immunoprecipitation of endogenous CCTε from H1299 cells transfected with p53 (WT, 273H, and 175H). Input and immunoprecipitated proteins were detected by western blot with antibodies specific to p53 and CCTε.\
(E) HCT116 cells were transfected with nontargeting siRNA control (Ctrl), siRNA targeting p53 (sip53), CCTα (siCCTα) and CCTε (siCCTε) (left), and H1299 null for p53 or stably expressing 175H or 273H were transfected with a mixture of siRNA against CCTα and CCTε (right). Following immunoprecipitation of CCTε, expression of p53 and CCTε was analyzed by western blot. See also [Figure S1](#app2){ref-type="sec"}.](gr1){#fig1}

![p53 Interacts with the Whole CCT Complex\
(A) Lysate from wild-type p53 HCT116 cells was separated by gel chromatography and p53, CCTα, and CCTε expression assessed in the fractions 1--18 by western blotting and quantified. CCTε was immunoprecipitated from fractions 1--7 (high-molecular-weight complexes), 8--13 (medium/low-molecular-weight complexes), and 14--18 (monomeric fraction) and analyzed for p53 and CCTε expression by western blotting.\
(B) Wild-type p53 HCT116 cells were transfected with control or CCTα and CCTε siRNA. Knockdown of CCTα and CCTε was verified by western blot using 2% of the lysates (left). The remaining lysates were separated by gel chromatography and p53 and CCTε proteins were visualized by immunoblot.\
(C) In vitro-translated p53 was incubated with purified CCT complex and/or Hsp70 as indicated. Immunoprecipitation of Hsp70 and p53 with CCTε (right) and total proteins in the lysate used for the immunoprecipitation (left) were assessed by western blotting with Hsp70, CCTε, and p53 antibodies. ^∗^CCT input lane contaminated with spillover from the adjacent p53 lane. ^∗∗^Hsp70 alone lysate was not used for the immunoprecipitation. IP, immunoprecipitation. See also [Figure S2](#app2){ref-type="sec"}.](gr2){#fig2}

![The CCT-p53 Interaction Is ATP Dependent\
(A) CCT:p53 binding assay revealed bands corresponding to the CCT subunits and p53. Below: western blot showing p53 expression.\
(B) Two-dimensional average image of the end-on view of apo-CCT (1,143 particles).\
(C) Two-dimensional average image of the CCT:p53 complex (1,957 particles).\
(D) Representation of the open and closed conformation of CCT (top). When the CCT conformation is closed after ATP hydrolysis, the complex and proteins inside are protected from protease treatment (proteinase K). The purified CCT complex was incubated with ATP followed by treatment with proteinase K. Lysates were separated by 10% SDS-PAGE and degradation of CCT subunits detected by Coomassie blue staining.\
(E) In-vitro-translated p53 was incubated with purified CCT complex with ATP or ATP + AIFx, followed by incubation with proteinase K. p53, CCTα, and CCTε were detected by western blot. See also [Figure S3](#app2){ref-type="sec"}.](gr3){#fig3}

![The First 13 Amino Acids of p53 Are Required for CCT Binding\
(A--C) p53 null H1299 cells were transfected with p53 constructs, followed by immunoprecipitation of endogenous CCTε. CCT and p53 expression in the immunoprecipitates or total cell lysates were assessed by western blot. (A) CCTε binding to p53 DNA binding domain deletion/mutation constructs. The second lane shows lysates from wild-type p53 transfected cells, precipitated only with beads as a control. (B) CCTε binding to p53 C-terminal deletion constructs and N-terminal Δ43 deletion. (C) CCTε binding to p53 N-terminal deletion/mutation constructs.\
(D) CCT/p53 binding in H1299 cells transfected with wild-type p53 and Δ4--13 deletion construct by immunoprecipitation with p53 (DO-1) or beads only. Protein expression was detected by western blot with CCTε and p53 antibodies.\
(E) Wild-type and p53 N-terminal deletions Δ2--13 and Δ4--13 were in vitro translated. CCT/p53 binding was assessed by immunoprecipitation of CCTε present in reticulocyte lysates followed by western blot with p53 and CCTε antibodies.\
(F) Alignment of p53 N-terminal 34 amino acids from different species; hydrophobic and polar amino acids are indicated in black and gray, respectively.\
(G) Hsp70 binding to p53 was assessed by p53 immunoprecipitation from H1299 cells transfected with p53 constructs (wild-type, 175H, Δ4--13, and Δ39) followed by western blot with p53 and Hsp70 antibodies. See also [Figure S4](#app2){ref-type="sec"}.](gr4){#fig4}

![Conformational Stability of p53 Is Dependent on CCT Binding\
(A) Lysates from U2OS or MCF7 cells transfected with siRNA targeting CCTα and CCTε were immunoprecipitated with the p53 antibodies DO-1, 1801, Ab1620, or Ab240, followed by western blotting with CM-1. Knockdown was confirmed by western blotting total cell lysates (left). The extent of folded or misfolded p53 (right) is calculated as a percent of the sum of the band densities of p53 precipitated by Ab1620 and Ab240 for each condition. The graph shows the mean ±SEM from three independent experiments.\
(B) Expression of wild-type p53 and 273H in H1299 cells transfected with CCTα and ε siRNA was induced by doxycycline treatment. Lysates were immunoprecipitated with the conformational antibodies and proteins detected by western blot.\
(C) CCTα+ε subunits were depleted in H1299 cells as in (B), followed by transfection with wild-type (WT), 22/23, and Δ43 p53 constructs. After 48 hr, lysates were immunoprecipitated with the conformational antibodies and p53 detected by western blot.\
(D) H1299 cells were transfected with the indicated p53 constructs (175H, WT, Δ2--13, and Δ4--13) and lysates incubated at 37°C for 0--8 min. p53 proteins were immunoprecipitated with Ab1620 or Ab240 followed by western blotting to detect p53.\
(E) H1299 cells were transfected with the indicated p53 constructs, then incubated at 39°C for 0--5 hr before harvesting. p53 conformation was determined as in (B).\
(F) H1299 cells were transfected with an empty plasmid (Ctrl) or wild-type p53 and incubated at 39°C for 24 hr. After fixation, cells were stained with FL-393 (to detect total p53) or Ab240.\
(G) H1299 cells transfected with different p53 constructs were processed as in (F). The graphs represent the Ab240 reactive signal as a percentage of the total p53 signal and show the mean ±SEM of three replicates from three independent experiments. ^∗^p \< 0.05. See also [Figure S5](#app2){ref-type="sec"}.](gr5){#fig5}

![Impairment of p53-CCT Binding Decreases p53 Transcriptional Activity\
(A) H1299 transfected with pG13 firefly luciferase, TK Renilla luciferase, and p53 constructs (as indicated). Top: western blot of p53 protein expression with GCN5 loading control. The bottom graph shows luciferase activity. The graph shows means ± SEM of three replicates from three independent experiments.\
(B) Cells treated as (A), following siRNA depletion of CCTα and CCTε. Top: p53 and CCT expression levels.\
(C) H1299 cells were transfected with empty vector (Ctrl) and increasing amounts of wild-type p53 following depletion of CCTα and ε. Total protein expression levels were visualized with antibodies for p21, p53, Mdm2, Puma, and actin. The graph represents the quantification of p21 and Puma protein expression normalized to actin levels.\
(D) After 24 hr of CCTα+ε depletion, H1299 cells were transfected with wild-type p53 and Δ4--13. p53, CCTε, and actin expression were assessed by western blot, and the graph represents quantification of p53 levels normalized to actin expression. mRNA expression for p21 and Puma is shown on the right. The graph shows the mean ±SEM from three independent experiments. See also [Figure S6](#app2){ref-type="sec"}.](gr6){#fig6}

![Impairment of p53-CCT Binding Enhances Invasion and Random Motility\
(A) H1299 cells were transfected with mutant p53 constructs (as indicated) then placed onto Matrigel for 48 hr, and invasion was analyzed by confocal microscopy and quantified as described in [Experimental Procedures](#sec4){ref-type="sec"}. The graph shows the mean ±SEM from four independent experiments. ^∗^p \< 0.05.\
(B) Invasion of stable H1299 cells expressing vector control (Ctrl), mutant p53 (273H), and the N-terminal deletion Δ39 was assessed. Expression of 273H and p53Δ39 was verified by western blot.\
(C) Motility of stable H1299 cells used in (B) was determined in wound scratch assays. The directionality was determined as described in [Experimental Procedures](#sec4){ref-type="sec"}, and error bars represent ±SEM of 108 track-plots from three independent experiments. ^∗^p \< 0.05.\
(D) Invasion of stable H1299 cells used in (B) in organotypic assays.\
(E) RPE cells expressing endogenous wild-type p53 and transfected 273H were depleted of CCTα and CCTε and invasion measured as in (A). The graph shows the mean ±SEM from four independent experiments. ^∗^p \< 0.05. Knockdown of CCT subunits and protein expression levels were verified by western blot with p53, actin, and CCT antibodies. See also [Figure S7](#app2){ref-type="sec"}.](gr7){#fig7}
